♦ ♦ ♦ ♦ ♦ Objective: To evaluate the convective transport characteristics of glucose and the effect of high glucose and insulin during experimental peritoneal dialysis in rat. ♦ ♦ ♦ ♦ ♦ Methods: Male Sprague-Dawley rats weighing 300 -400 g were used in this study. Mannitol (5%) was used as osmotic agent. Glucose was added to dialysis solution to yield a concentration of 100 mg/dL (group 1) or 300 mg/dL (group 2). Mannitol solution (5%) containing the same concentration of electrolytes and lactate but without glucose was used as control (group 3). In group 2, blood sugar was maintained at approximately 300 mg/dL by continuous intravenous infusion of 25% glucose solution and 0.9% NaCl solution. A 2-hour dwell study was performed with 30 mL of test solutions. Intraperitoneal volume was calculated by volume marker (18.5 kBq of 131 I-human radioiodinated serum albumin, RISA) dilution with corrections made for the elimination of RISA from the peritoneal cavity (K E ) and sample volume. The diffusive mass transport coefficient (K BD ) and sieving coefficient (S BRF ) were calculated by using the Babb-Randerson-Farrell model. S was also calculated directly by using isocratic methods (S I ). The peritoneal fluid absorption rate (K E ) was taken into account for the calculation of S I . ♦ ♦ ♦ ♦ ♦ Results: Intraperitoneal volume was significantly higher in group 2 compared with groups 1 and 3. Peritoneal fluid absorption rate, K E , was similar in all three groups. S BRF and S I for glucose were significantly lower in group 2 compared with groups 1 and 3. S BRF for glucose in group 2 was below zero and S I near zero. K BD for glucose was significantly higher in group 2 than in groups 1 and 3. Plasma and dialysate concentrations of insulin increased during the initial hour and then decreased to the baseline value in groups 1 and 3, while in group 2 it continuously increased. ♦ ♦ ♦ ♦ ♦ Conclusion: Significantly lower sieving coefficients for glucose in the high glucose and high insulin group suggest that transport mechanisms other than simple passive transport are involved in peritoneal glucose transport, and that high glucose per se and/or high insulin may be important factors that determine glucose transport characteristics.
C ontinuous ambulatory and continuous cycling peritoneal dialysis (CAPD/CCPD) are used as maintenance renal replacement therapies in approximately 15% of end-stage renal disease patients throughout the world (unpublished data, K.D. Nolph, 1998) .
Glucose is the most commonly used osmotic agent for peritoneal dialysis (PD) (1) , and the rate of glucose absorption is an important determinant of ultrafiltration during dialysis with glucose as osmotic agent (2) . The transport of glucose during CAPD is the sum of diffusive and convective transports and can be calculated using the membrane model based on thermodynamic theory of solute transport (3) (4) (5) , or a heteroporous model of the peritoneum (6, 7) .
The membrane model used for calculation of diffusive mass transport coefficient (K BD ) and sieving coefficient (S) for small solutes assumes that there is one simple membrane between two well-mixed compartments of blood and peritoneal dialysate (4, 5) , and simple passive transport is the only transport mechanism between the two compartments (8) . In contrast to the semisynthetic or synthetic membranes used in hemodialysis, the peritoneum is a biologic tissue complex (9) (10) (11) (12) , and various transport mechanisms for nutrients and electrolytes may be involved.
Conventional dialysis solutions contain high glucose concentration, and secondary hyperinsulinemia, as a consequence of glucose absorption from dialysate, is a well-known undesirable effect of CAPD. The convective transport coefficient (S I ) for glucose has been reported to be out of physiologic range, that is, negative, in CAPD patients using conventional dialy-PDI SEPTEMBER 1999 -VOL. 19, NO. 5 PERITONEAL TRANSPORT OF GLUCOSE IN RAT sis solution (5, 13, 14) , but within physiological range during dialysis with amino acid or glycerol (8) . The K BD for glucose was similar during dialysis with conventional and alternative osmotic agents (15) . These reports suggest that mechanisms other than simple passive transport are involved in glucose transport during PD, and that high glucose concentration in dialysis solution, and high plasma insulin as a consequence, may play critical roles in the transport of glucose.
To evaluate the characteristics of convective transport of glucose during PD, we performed PD with glucose isocratic solutions to minimize diffusive transport. To evaluate the effect of glucose and insulin on glucose transport, two different glucose solutions were used: 100 mg/dL glucose in dialysis solution in rats with normal plasma glucose concentration (group 1); and 300 mg/dL glucose in dialysis solution in rats having approximately the same plasma concentration of glucose by glucose clamp technique (group 2). Mannitol solution (5%) containing the same concentration of electrolytes and lactate but without glucose was used as control (group 3). Mannitol (5%) was used as osmotic agent in all three groups.
M E T H O D S
A N I M A L S Male Sprague-Dawley rats, body weight 300 -400 g, were used in this study.
DIALYSIS SOLUTIONS
Mannitol (5%) was used as an osmotic agent. Glucose was added to dialysis solution to yield concentrations of 100 mg/dL (group 1) and 300 mg/dL (group 2). Mannitol solution (5%) without glucose was used as control (group 3). Potassium was added to achieve potassium isocratic solutions. The final concentration of sodium was 135 mmol/L, potassium 4.5 mmol/L, lactate 35 mmol/L, and pH 7.39 in all three study solutions.
SURGICAL PROCEDURE
The rat was anesthetized with a single intraperitoneal (IP) injection of phenobarbital (50 mg/kg). The animal was laid in a supine position and kept warm, at about 37°C, with a heating lamp. A tracheostomy was performed. Two vascular accesses -a femoral artery and a femoral vein -were kept open to withdraw blood samples and to replace fluid (isotonic saline, 2 mL/ hour) to prevent hypovolemia. A multiholed silastic catheter was inserted percutaneously below the xiphoid process and secured with a purse-string suture.
GLUCOSE CLAMP TECHNIQUE DURING DIALYSIS WITH HIGH GLUCOSE SOLUTIONS
In group 2, blood sugar was maintained at around 300 mg/dL by continuous intravenous infusion of 25% glucose solution and 0.9% NaCl solution. A 2-hour PD was performed when the blood glucose level was approximately 300 mg/dL for 5 minutes.
DIALYSIS PROCEDURE
To initiate an experiment, 30 mL of dialysis solution in a syringe, prewarmed to 37°C, was injected IP via a three-way valve over a period of about 30 seconds and allowed to remain in the peritoneal cavity for 2 hours. At the end of the 2-hour dwell, peritoneal fluid was drained and the outflow volume was recorded. The abdominal cavity was then rinsed with 15 mL of 1.36% glucose-containing fresh dialysis solution for 1 minute to calculate the residual IP dialysate volume at 2 hours.
Radioisotopically labeled albumin (18.5 kBq of 131 I-human radioiodinated serum albumin, RISA) was used as a volume marker.
SAMPLING PROCEDURE
One milliliter of blood was taken at 0, 60, and 120 minutes through the indwelling femoral catheter. During the glucose clamp technique, one drop of blood was taken at time 0 and then every 5 minutes after infusion of dialysis solution. Dialysate sample (0.35 mL) was taken from fresh dialysis fluid during the infusion and 3, 30, 45, 60, 75, 90, and 120 minutes after infusion, using the same method as for measuring the volume marker. Prior to each sampling, 1 mL of the dialysate was flushed back and forth five times through the valve.
ANALYTICAL METHODS
Glucose concentration in plasma and dialysate was analyzed by the glucose-6-phosphatase method (Youngdong Pharmaceutical Company, Seoul, Korea). Blood glucose was analyzed immediately after sampling, using the glucose-6-phosphatase method with a Glucocheck (Boehringer-Mannheim GmbH, Mannheim, Germany).
Urea concentration in plasma and dialysate was analyzed by the urease glutamate dehydrogenase method (Youngdong Pharmaceutical Company, Seoul, Korea).
Concentrations of sodium and potassium in plasma and dialysate were analyzed using the ion-selective electrode method.
Plasma samples for analysis of insulin concentrations were collected from three rats in each group and analyzed by radioimmunoassay.
CALCULATIONS
Fluid Transport: Intraperitoneal dialysate volume (V D ) was estimated from the dilution of RISA, with corrections made for the elimination of RISA from the peritoneal cavity (K E , mL/min) and sample volumes (16) .
The peritoneal fluid reabsorption rate (Q a ) was assumed to be equal to the rate of RISA elimination, K E (17) . The rate of the net volume change (Q v , mL/ min) for the time period from t 1 to t 2 was calculated as follows:
where V 1 and V 2 are the IP volumes at times t 1 (start of time interval) and t 2 (end of time interval), respectively. Membrane Model for Solute Transport: The K BD and the sieving coefficient (S BRF ) were estimated using a modified Babb-Randerson-Farrell (BRF) model (13) . The estimation of K BD and S with the BRF model is based on seven sampling points during the dwell study. The model describes net change of solute amount in peritoneal dialysate over time increments, d(V D C D )/dt, as equal to the rate of solute flow between blood and dialysate due to combined diffusive and convective solute transport, and peritoneal reabsorption:
where C D is the concentration of solute in dialysate, C B is the concentration of solute in plasma water (i.e. C PW , see below), and C r is the concentration of solute in the peritoneal tissue and equal to C B for urea, glucose, sodium, and potassium. The parameters K BD and S BRF in Eq. (2) were assumed to be constant throughout the whole time period used for their estimation, and were estimated using the following equation and two-parameter linear regression, and the measured values of V D , C D , C B , Q v , and Q a :
where
with t = 3 minutes as the baseline value. For calculation of X 1 and X 2 , the change in the variables was assumed to be approximately linear between each pair of consecutive sampling points and that the integrals in Eqs. (2) to (4) may be applied for any time course of the variables, including solute concentration in plasma, C B . The estimation of the transport parameters was performed for Q a = K E and for the whole dwell period, 3 -120 minutes. The estimation was performed using the computer program PERTRAN (Baxter Novum, Stockholm, Sweden), which is now available at http://www.ibib.waw.pl/~peritome. Nondiffusive Transport Using Isocratic Conditions: It is assumed that, during isocratic conditions, diffusive transport is negligible in the initial period of a dwell study, t, usually between 3 and 30 minutes. Hence
where Q u is the fluid ultrafiltration rate. It is also assumed that Q a can be estimated by K E , Q a = K E , and that Q u can be expressed as
Assuming that during isocratic conditions C B and C D do not change substantially, the integration of Eq. (5), with Eq. (6) taken into account, gives ( 7) where t f and t 0 are the final and initial times of the isocratic experiment, respectively.
In this study t 0 = 3 minutes and t f = 30 minutes, then
Hence
C bav = C B = C dav = C D = , t f -t 0 = 27 min.
S I = .
--
Corrections for Plasma Protein and Lipids: K BD and S values were calculated using the aqueous concentrations, that is, concentration in plasma water of solutes (C PW ); the correction factor was 1.057, as in Ref. 13 .
STATISTICS
The results were compared using repeat-measure ANOVA (analysis of variance) among the three groups. Mann-Whitney test for paired data was used to compare values between baseline and each time point in each group.
R E S U L T S FLUID TRANSPORT
Intraperitoneal volume increased continuously throughout the 2-hour dwell and was significantly higher in group 2 compared with groups 1 and 3 at 90 and 120 minutes of dwell ( Figure 1 ). Peritoneal fluid absorption rate (K E ) was 0.082 ± 0.034 mL/min in group 1, 0.058 ± 0.043 mL/min in group 2, and 0.086 ± 0.025 mL/min in group 3 and did not show any statistical difference among the three groups.
GLUCOSE TRANSPORT
The blood glucose level at time zero was 156.4 ± 11.4 mg/dL in group 1, 311.5 ± 11.6 mg/dL in group 2, and 160.2 ± 14.3 mg/dL in group 3. The blood glucose level increased with time in groups 1 and 3. The concentration of glucose in fresh dialysis solution was 100.4 ± 7.3 mg/dL in group 1, 304.2 ± 15.9 mg/dL in group 2, and undetectable in group 3.
The dialysate-to-plasma ratio (D/P) for glucose at the start of the dwell study, that is, at 3 minutes, was 0.69 ± 0.06 in group 1, 1.03 ± 0.13 in group 2, and 0.02 ± 0.01 in group 3. The D/P glucose was stable in group 1, decreased in group 2, and increased in group 3 with time [ Figure 2 Sieving coefficient for glucose is shown in Table 1 . The S BRF in group 2 was below zero (-0.216 ± 0.558) and significantly lower compared with groups 1 and 3. It was between 0 and 1 in group 1 and group 3 ( Table 1 ). The S I for glucose was close to zero in group 1 ( Table 1 ). The method for evaluation of S I was not valid for groups 1 and 3 because of the low initial D/P glucose [ Figure 2(a) ] and, therefore, a high contribution of diffusion to net glucose transport. K BD for glucose was significantly higher in group 2 than in groups 1 and 3. There was no significant difference between group 1 and group 3 ( Table 2) . The S BRF (Table 1 ) and K BD (Table 2) for urea were similar in all three groups. S BRF and S I for sodium were not statistically different among the three groups (Table 1) . K BD for sodium in group 2 was significantly lower than in groups 1 and 3 ( Table 2 ).
POTASSIUM TRANSPORT
Serum potassium concentration at time zero was significantly lower in group 2 (3.52 ± 0.33 mmol/L) compared with group 1 (4.71 ± 0.40 mmol/L) and group 3 (4.68 ± 0.48 mmol/L, p < 0.05). Initial concentration of potassium in dialysate was similar in the three groups. The D/P potassium was significantly higher in group 2 than in group 1 and group 3 [ Figure 5 S BRF for potassium was significantly higher in group 1 than in group 3, and S I for potassium was significantly higher in group 1 compared with group 3 (Table 1) . S I for potassium in group 2 could not be evaluated because the D/P ratio for potassium differed substantially from 1 at the beginning of the dwell studies in group 2.
K BD for potassium did not differ statistically among the three groups (Table 2) . 
DISCUSSION
Sieving coefficient for glucose was significantly lower, and K BD for glucose significantly higher, in group 2 compared with groups 1 and 3. The present findings suggest that peritoneal transport of glucose can be altered by high glucose and high insulin.
Sufficient ultrafiltration was obtained with 5% mannitol solutions. A higher IP volume in group 2 than in group 3 resulted from an additional osmotic effect of glucose and potassium (Figures 2 and 5 ). There was, however, no significant difference in IP volume between group 1 and group 3.
Blood urea nitrogen level increased during the study as observed in the previous report (17) . The findings that S and K BD for urea did not differ among the three groups in this study confirm previous reports Figure 2 -Dialysate-to-plasma ratio (D/P) of glucose (A) and intraperitoneal (IP) amount of glucose (B) are compared to the initial values in rats in groups 1 (dialysate glucose 100 mg/dL) and group 2 (dialysate glucose 300 mg/dL). Intraperitoneal glucose (mg/dL) in group 3 (control) (C) is shown. D/P glucose was significantly higher in group 2 than in group 1 during the study (p < 0.01). D/P glucose was stable while IP glucose increased during the study in group 1; D/P glucose decreased and IP glucose remained stable in group 2; and D/P glucose and IP glucose increased continuously in group 3. p < 0.05 at baseline versus at each time point in group 1 (*), group 2 (#), and group 3 (+).
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that peritoneal transport of urea is not affected by various dialysis solutions (13, 18, 19) . The D/P glucose declined and IP volume increased continuously during the 2-hour dwell in group 2. Blood glucose level was stable around 300 mg/dL during the study by glucose clamp technique. Dialysate concentration of glucose could have decreased due to large ultrafiltration and considerable glucose sieving. The net amount of glucose transport into the peritoneal cavity is, however, expected to increase due to transperitoneal glucose flux along with ultrafiltrate during increasing IP volume. In group 2, positive glucose flux was not noted and IP glucose was stable during the dwell. In group 2, S BRF was below zero and S I near zero; S BRF was significantly lower compared with the values in groups 1 and 3. Negative or unphysiological S for glucose were previously reported during dialysis with glucose as osmotic agent, while S for glucose was between 0 and 1 during dialysis with nonglucose dialysis solutions (13) . Glucose disappearance from the peritoneal cavity was faster than the calculated rate of diffusion of glucose (20) . These findings suggest that either high glucose dialysis solutions per se, or direction of glucose transport during dialysis, that is, peritoneal cavity to blood and vice versa, can be important factors determining S for glucose. In this study, direction of glucose transport in all groups was from blood to dialysate. Glucose concentration in dialysis solution may, therefore, be the only or the major factor that determines both diffusive and nondiffusive transport of glucose during PD. Glucose was added to dialysate to yield concentrations of 100 mg/dL (group 1) and 300 mg/dL (group 2). Mannitol solution (5%) without glucose was used as control (group 3). a p < 0.05 group 1 versus group 2. b p < 0.05 group 2 versus group 3. S BRF = sieving coefficient calculated using the BabbRanderson-Farrell model; S I = sieving coefficient calculated using isocratic methods; NV = not valid because of diffusive transport between blood and dialysate. Glucose was added to dialysate to yield concentrations of 100 mg/dL (group 1) and 300 mg/dL (group 2). Mannitol solution (5%) without glucose was used as control (group 3). a p < 0.05 group 1 versus group 2. b p < 0.05 group 1 versus group 3. c p = 0.05 group 2 versus group 3. The membrane model used to calculate K BD and S for small solutes assumes that there is one simple membrane between two well-mixed compartments of blood and peritoneal dialysate (4, 5) , and that simple passive transport is the only transport mechanism during dialysis (8) . In contrast to the synthetic membrane used in hemodialysis, however, the peritoneum is a biologic structure composed of several transport barriers, such as mesothelial cell, interstitium, and capillary endothelium (10) . Therefore, the currently used membrane model based on thermodynamic theory may not be entirely valid. Furthermore, extracellular fluid supplies nutrients and substances needed for cellular function through the cell membrane. Chemical composition of extra-and intracellular fluids are different. The concentration gradients of solutes between extra-and intracellular fluids that are important to the life of the cell are maintained not only by simple diffusion but also by various transport mechanisms, such as diffusion through lipid bilayer, facilitated diffusion, osmosis, and active transport.
Facilitated diffusion mediated by glucose transporters (GLUT 1 -4) is known to be an important mechanism of glucose transport into cells (21) . Factors regulating glucose-transporter gene expression are oncogenes, growth factors, insulin, oral hypoglycemic agents, glucocorticoids, ambient glucose levels, and the state of cellular differentiation in vitro and altered nutritional and metabolic states in vivo (22) . Glucose uptake by human mesothelial cells was reported to be mediated by glucose transporter (23) . GLUT 1 mRNA is expressed in adipocytes, endothelial cells, and mesothelial cells in the peritoneum, and GLUT 2 mRNA is expressed in endothelial cells (24) . Schröppel et al. (25) recently reported GLUT 1, GLUT 3, and sodium-dependent glucose transporter expression in human peritoneal mesothelial cells. They also reported 30% to 45% inhibition of glucose uptake after Figure 4 -Dialysate-to-plasma (D/P) sodium (A) and intraperitoneal (IP) amount of urea (B) are compared to the initial values in rat. D/P sodium in groups 2 (dialysate glucose 300 mg/dL) and 3 (control) were significantly higher than in group 1 (dialysate glucose 100 mg/dL). p < 0.05 group 1 versus groups 2 and 3 at the beginning of the study (a). p < 0.05 at baseline versus at each time point in group 1 (*), group 2 (#), and group 3 (+). Figure 5 -Dialysate-to-plasma (D/P) (A) and intraperitoneal (IP) amount (B) of potassium are compared to initial values in rat. D/P potassium was significantly higher and IP potassium significantly lower in group 2 (dialysate glucose 300 mg/dL) compared with group 1 (dialysate glucose 100 mg/dL) and group 3 (control). p < 0.05 group 1 versus group 2 (a). p < 0.02 group 2 versus group 3 (b). p < 0.05 at baseline versus at each time point in group 1 (*), group 2 (#), and group 3 (+). (26) , and in CAPD patients using glycerol as osmotic agent (8), also support the suggestion that high glucose concentration per se facilitates glucose disappearance from the peritoneal cavity. This finding is in agreement with the previous report of an unexpectedly high glucose disappearance rate during a dwell study using dialysis solutions containing 3.86% glucose (20) . S BRF and S I in group 2 are also considerably lower than the value (0.55) calculated using the three-pore model (11) . These findings suggest that a difference exists in glucose transport between peritoneal membrane and synthetic or semisynthetic hemodialysis membrane, and also suggest the importance of the biologic process in peritoneal transport of solutes. It is also important to note that blood glucose concentration was significantly higher than dialysate glucose in group 1 (156.4 ± 11.4 mg/dL vs 100.4 ± 7.3 mg/dL), while in group 2 blood and dialysate glucose concentrations were similar (311.5 ± 11.6 mg/dL vs 304.2 ± 15.9 mg/dL). S I for glucose would, therefore, be higher in group 1 than in group 2 due to considerable diffusive transport of glucose into the peritoneal cavity during the initial 30 minutes of the dwell. S BRF was, however, calculated using a membrane model based on thermodynamic theory, and diffusive transport was theoretically separated from convective transport. The finding of no significant difference in S BRF and S I in group 2 reflects the fact that the experimental condition was isocratic. Significant differences in S BRF values between groups 1 and 2 in this study may, therefore, suggest differences in nondiffusive glucose transport characteristics determined by glucose concentration in dialysis solutions.
Similar changes in dialysate insulin levels in groups 1 and 2 during the first hour of the dwell (Figure 6 ) may suggest that the dialysate insulin level may not be important in peritoneal glucose transport. However, the extremely high plasma insulin concentration in group 2 may have induced a high insulin concentration in the peritoneal tissue. A high concentration of insulin in the peritoneal tissue may have enhanced glucose uptake from dialysate. Therefore, both high plasma glucose and high plasma insulin in group 2 may have been important factors in peritoneal glucose transport. The similar levels of plasma and dialysate insulin observed in group 1 suggest direct leakage of insulin from portal vessels that contain 10-times higher insulin levels compared with systemic blood (27) . The dialysate insulin level in group 2 was lower than 10% of the plasma level. This finding is in general agreement with previous reports that D/P protein is 0.17% -3.3% after 4 hours' dwell (28) , and may indicate peritoneal leakage of insulin from systemic blood.
The significantly lower K BD for sodium in group 2 compared to groups 1 and 3, and the negative S I for potassium in all three groups, observed in this study are not readily explained. The negative S I for potassium seen in this study indicates peritoneal uptake Figure 6 -Serum level of insulin in group 1 (dialysate glucose 100 mg/dL), group 3 (control) (A), and group 2 (dialysate glucose 300 mg/dL) (B), and dialysate level of insulin in groups 1 and 2 (C) are shown. Data are expressed as mean ± standard error.
of potassium during dialysis with potassium isocratic solutions, and a S I value higher than 1 seen in a previous report (18) indicates potassium leakage into the peritoneal cavity. These two observations suggest the role of intracellular potassium flux in the peritoneal transport of potassium. Furthermore, intra-and extracellular potassium transport may have an important impact on sodium transport.
The significantly lower sieving coefficient for glucose observed in the high glucose and high insulin group indicates that transport mechanisms other than simple passive transport are involved in peritoneal glucose transport. The role of glucose transporters in transperitoneal glucose uptake during dialysis using solutions containing high glucose concentrations requires further study.
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